The stratigraphic record contains unique information about past landscapes and environmental change. Whether landscapes faithfully transmit signals of environmental change to stratigraphy is unknown because autogenic processes, such as river avulsion, can obscure signals prior to long-term stratigraphic storage. We develop a theoretical framework that predicts when a sediment flux signal will be transferred from the landscape to stratigraphy. This threshold magnitude is a function of signal duration. The magnitude is set by the maximum rate of autogenic volume change of the landscape, which decreases with increasing time window. Physical delta experiments, specifically designed to test our theory, demonstrate that only sediment supply signals with a magnitude greater than the threshold are stored in stratigraphy, supporting our theory. This framework allows us to assess the fidelity of the stratigraphic record to archive past signals of environmental change and predict the short-and long-term impact of current anthropogenic forcing on landscapes.
Introduction
The stratigraphic record is a unique archive of past environmental change (Ager, 1973; Allen, 2008a) , but this database is still underutilized because of difficulties distinguishing controls on stratigraphic architecture. Stratigraphy is traditionally interpreted in terms of a volumetric balance between the rate of sediment supplied to a sedimentary basin and the rate of accommodation generated by tectonic subsidence and eustatic sea level change. Within this framework, changes in climate and/or tectonics can alter the production and flux of sediment through sediment routing systems (Allen, 2017) . These "allogenic" supply signals then propagate to a sedimentary basin and influence basin-wide deposition rates (Armitage et al., 2011; Duller et al., 2010; Hampson et al., 2014; Overeem et al., 2001; Paola et al., 1992) and the structure of stratigraphic sections Duller et al., 2012; Scotchman et al., 2015) . Stratigraphic patterns linked to changes in this volumetric balance operate at time scales >10 6 years (Armitage et al., 2011; Duller et al., 2010; Paola et al., 1992) . At time scales <10 6 years it is often difficult, but sometimes possible (Blum et al., 2018) , to distinguish allogenic stratigraphic structure from structure generated by processes internal to a sediment routing system, which occur over similar time scales (i.e., autogenic processes; Li et al., 2016; .
Autogenic processes constantly reorganize the transport system, resulting in local sediment storage, bypass, and release (SSBR; Paola & Foufoula-Georgiou, 2001; Kim & Jerolmack, 2008; Paola, 2016) , which causes "noise" in landscape structure (Jerolmack, 2011) , the effect of which is to potentially "shred" (sensu Jerolmack & Paola, 2010) allogenic signals within landscapes prior to stratigraphic transfer. Matters are complicated further when we consider not only the horizontal propagation of allogenic signals across the surface, as described above, but also the vertical propagation through the Earth's surface and into the stratigraphic record (Foreman & Straub, 2017; Li et al., 2016) . This very real "Earth surface barrier" has inhibited our ability to accurately glean past allogenic information from the stratigraphic record.
A clear and natural avenue to a generic solution set that can be used to discriminate between allogenic and autogenic stratigraphic structure is to bridge the gap that exists between Earth-surface morphodynamics and 
Theoretical Framework
Concepts that originated in the field of fluid mechanics (von der Heydt et al., 2003) and were later applied to granular avalanching systems (Jerolmack & Paola, 2010) suggest two parameters must be considered when developing a threshold for sediment supply signal transfer to stratigraphy: a time scale of autogenic saturation and a magnitude of autogenic SSBR. We recognize that the magnitude of autogenic SSBR is dependent on the time scale over which it is measured (Sadler, 1981) and so therefore the magnitude of a sediment supply cycle (SSC) necessary for stratigraphic storage is dependent on the duration of the cycle.
Previous studies suggest that the largest autogenic fluctuations set signal propagation and storage thresholds (Jerolmack & Paola, 2010; Li et al., 2016; Paola & Foufoula-Georgiou, 2001 ). This should also hold for stratigraphic storage of allogenic sediment supply signals. The maximum rate of autogenic change relates directly to the ability of an individual system to dissipate or accumulate an allogenic sediment supply signal. Here, an autogenic sediment flux change is defined by changes in terrestrial sediment volume over time, for systems experiencing constant forcing (Figures 1a-1c ). As such, we define a derivative threshold, Q A , as the maximum autogenic change in sediment volume stored in a system per unit of time. Q A decreases with the measurement time window, with smaller values expected for longer time windows until autogenic variations approach zero over very long time scales (Figure 1d ). This stratigraphic storage threshold is novel, as we recognize that the magnitude of a sediment supply signal necessary for sediment storage is dependent on the periodicity of the signal, which is in contrast to earlier studies that propose independent magnitude and periodicity thresholds (Jerolmack & Paola, 2010; Li et al., 2016) .
To enable comparison between laboratory and field-scale sedimentary systems, we define two normalization parameters that encapsulate autogenic dynamics. The time window of measurement is normalized by the compensation time scale, T c , while Q A is normalized by a new autogenic cycle derivative, M. T c is an estimate of the maximum time scale of autogenic organization in stratigraphy (Sheets et al., 2002; Wang et al., 2011) . It also approximates the maximum time necessary to bury a particle to a depth that is no longer susceptible to erosion from autogenic processes (Straub & Esposito, 2013; Straub & Foreman, 2018) . It can be estimated as H c /r, where H c equals a maximum channel depth and r equals the long-term aggradation rate. T c has been used as a temporal threshold for the transfer of relative sea level (RSL) and climate proxy signals (Foreman & Straub, 2017) . We use T c to define a dimensionless time, T * =t/T c .
M represents the maximum rate of change in sediment volume stored in an environment over a full period of sustained autogenic volume growth or loss ( Figure 1c) . In other words, M equates to the maximum observed rate of volume change between a trough in a time series of sediment volume and the subsequent peak, or vice versa. M is used to define a dimensionless sediment flux, Q * =Q/M. We can express a dimensionless ver-
With the framework outlined above, we predict that an allogenic sediment supply signal with a duration or periodicity, T s , will be transferred to stratigraphy when the magnitude, Q s , exceeds Q A , measured over a time window equal to T s (Figures 1d and 1e ). This can be restated in dimensionless form: signal transfer will take place if the dimensionless change in supply rate Q s * exceeds the Q A * threshold, measured at T * =T s * .
Methods

Setup of the Experiments
To test our theoretical framework, we explore the transfer thresholds for SSCs in a suite of physical laboratory experiments. In each experiment a delta developed in a basin that experienced a constant rate of accommodation generation through steady base-level rise, constant input water discharge and constant sediment mixture ( Figure 1a ). Topography was measured at high temporal and spatial resolutions relative to system morphodynamics to monitor sediment volume changes on the delta.
Experiments were conducted in the Tulane University Delta Basin, which is 4.2 m long, 2.8 m wide, and 0.65 m deep. Sea level was set to rise at 0.25 mm/hr and is controlled to submillimeter-scale resolution. Sediment (mean flux = 3.9 × 10 -4 kg/s) and water (1.7 × 10 -4 m 3 /s) were mixed and fed from a point source. A cohesive sediment mixture with particles ranging from 1 to 1,000 μm (D 50 = 67 μm) mimics earlier experimental work (Hoyal & Sheets, 2009 ).
Steady base level rise initiated after the shoreline prograded 1.1 m from the source. In each experiment, the combination of sediment feed rate and base-level rise maintained the shoreline at an approximately constant location through the course of the experiment, with fluctuations associated with autogenic and allogenic dynamics. Topography in all experiments was mapped once an hour with a FARO Focus3D-S 120 laser scanner on a 5-mm horizontal grid in the down and cross basin directions with a vertical resolution < 1 mm.
Building a Supply Signal Regime Diagram
To characterize time scales and magnitudes of autogenic SSBR events, we use a control stage of experiment TDB-12-1. During this stage the terrestrial delta volume was in dynamic equilibrium with the input sediment flux and rate of accommodation production (r=0.25 mm/hr). From a distribution of channel depths on the delta, we approximate H c with the 95th percentile depth (12.2 mm) and estimate T c =49 hr. In 900 run hours (18.4T c ) the experiment produced a deposit that was >18H c thick. While no attempt was made at upscaling our results, extensive work demonstrates the "unreasonable effectiveness" ) of experimental deltas due to the scale independence of many processes, including channelization.
Given our focus on the transfer of sediment supply signals to terrestrial stratigraphy, we quantify our hypothesized relationship between Q A * and T * using a time series of deposit volume stored above sea level ( Figure 2a ). This terrestrial volume (V RSL ) varies due to changes of the surface slope and the location of the shoreline, which are dictated by autogenic SSBR on the delta top. We calculate Q A for time windows that increase from 0.02T c to 4T c by steps of 0.02T c (1 hr). Autogenic episodes of V RSL growth or loss are characterized by a range of durations that span up to 1.8T c but have a mean period of 0.4T c . We measure M = 9.7 × 10 -8 m 3 /s ≈ 0.3Q in from an autogenic V RSL cycle with a duration of ≈0.3T c (Figure 2a ).
We observe a decrease in Q A * as a function of T * , which is well approximated by an exponential decay of the form Q A * ¼ ae −bT * (Figure 2b ). We hypothesize that allogenic sediment supply signals with a combination of periodicity and magnitude that plot well above the Q A * threshold will leave behind detectable evidence of 10.1029/2019GL082555
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allogenic signals in stratigraphy, while those that plot below Q A * will leave behind no detectable evidence in stratigraphy; that is, the signals are shredded.
Testing the Threshold
To test our proposed threshold, we explore the results from four additional experimental stages, each of which shared the same set of forcing conditions as the control stage with the exception of Q in , which was varied following sinusoidal cycles ( Figure 2b ; Table 1 ). Periodicities of all cycles in any given stage was equal to either 2T c or 0.5T c . Similarly, Q s values were set to be either 2M or 0.5M. While Q in temporally varied, the mean supply rate (Q mean ) in each stage was equal to the control stage.
The allogenic SSCs were designed to systematically explore the joint influence of cycle period and magnitude relative to T c and M, respectively ( Figure 2b ; Table 1 ). Natural sediment supply histories are more complex than our sinusoid, but we specifically use a simple experimental setup to leverage existing time series analysis methods. Our hope is that the concepts developed here can be easily modified for other classes of signals.
Results
We begin our signal hunt by exploring the time series of terrestrial sediment volume, equivalent to those used to define Q A from the control stage. Theoretically, V RSL is susceptible to supply signals by recording the combined effect of changes in transport slope and shoreline position. The equilibrium transport slope of a fan-delta is a function of the ratio of sediment to water supply Whipple et al., 1998) . Altering this ratio forces terrestrial transport slopes to adjust through deposition and/or incision, which may have a measurable impact on resulting stratigraphy (Sun et al., 2002) . Altering the balance between sediment supply and accommodation generation can drive transgression or regression of shorelines (Muto & Steel, 1997) . On short time scales these effects may be obscured by autogenic SSBR.
We construct periodograms by calculating the fast Fourier transform of a time series of V RSL to explore when supply signals consistently produce measurable geomorphic responses (Figure 3a ). This time series is extracted from surface topography scans taken at a 1-hr resolution. All periodograms share a background structure characterized by power growth as a function of period, similar to that expected from time series with the presence of temporal correlation. Focusing first on short period signals, we observe spectral peaks that are significantly higher than spectral noise levels at the imposed period of the allogenic SSCs for both high-and low-magnitude experimental stages. The periodogram from the LMLP stage displays no significant peak at the imposed signal period. Interpretation of the MMLP stage is somewhat complicated as a broad peak is observed that centers at a time scale slightly below the imposed periodicity (Figure 3a) . . b Toby and Straub (2019a) . c Toby and Straub (2019b) . d Toby et al. (2019) . Next we document the transfer of signals to the stratigraphic record using stacked topographic scans clipped for erosion (Figures 2c and 2d) , which we refer to as synthetic stratigraphy (Li et al., 2016; Martin et al., 2009 ). Periodograms of paleo-terrestrial volume, generated from synthetic stratigraphy (Figure 3b ), indicate that the observed peak in the surface data from the HMSP stage was transferred to the subsurface, while the observed LMSP peak is absent in the stratigraphic data. The spectra of stratigraphic data from the LP stages are similar to the geomorphic spectra.
The analysis of stages with SP supply cycles, outlined above, supports our hypothesized stratigraphic storage threshold, Q A * . While both SP stages exhibit allogenic signals in their geomorphology, only the HMSP signal, which plots above our transfer threshold, gets stored in the stratigraphy. To further test if the signals of LP stages are linked to the frequency of the SSCs, we perform an additional analysis on a time series of mean delta elevation relative to sea level. This is calculated by dividing V RSL by the terrestrial area. We observed clear peaks at the imposed allogenic supply period in periodograms from both the geomorphology and stratigraphy of the MMLP stage, while no peaks in excess of spectral noise levels are observed in the LMLP stage (Figures 3c and 3d ).
Discussion
Storage of Geomorphic Signals in Stratigraphy
Our experimental results broadly support the existence of a stratigraphic transfer threshold of sediment supply signals based on time and space scales of autogenic processes. All experimental stages whose SSC characteristics place them above our Q A * threshold are recorded in the synthetic stratigraphy, while SSCs that fall below or on our Q A * threshold lack stratigraphic signals of supply cycles (Figure 2b ).
One interesting observation is that some allogenic SSCs induce a geomorphic surface signal that is absent in stratigraphy (e.g., LMSP stage), while other allogenic cycles produce neither geomorphic surface nor stratigraphic signals (e.g., LMLP stage). These results suggest that the ability of an SSC, for a given magnitude, to produce a geomorphic surface response decreases as the cycle period increases. We propose that a signal acceleration term is governing this behavior. Acceleration is given by the temporal derivative of sediment supply, which here is a cosine function. Prior studies recognized the importance of an acceleration term for stratigraphic signals, specifically the completeness of the stratigraphic record (Sadler & Strauss, 1990) . The general idea is that a rapid change in sediment supply, even if small in total magnitude, can trigger a transient response at the Earth's surface, as the system is unable to remain in equilibrium with forcing conditions (Postma, 2014) . If the period of the signal is short, it might not produce a thick enough sedimentary response to withstand reworking prior to burial beneath the active surface. A longer signal of the same magnitude might not trigger a transient response, as the system is able to remain in equilibrium with the forcing while the change in equilibrium states might not be large enough, relative to the stochastic dynamics, to produce a detectable signal.
Following Sadler and Strauss (1990) , we simplify acceleration by taking the ratio of signal magnitude and period and define dimensionless signal acceleration as S * =Q s * /T s * ( Table 1 ). Given that LMSP produced a geomorphic response and LMLP did not, we suggest that a signal acceleration threshold value must exist between 0.25<S * <1 (Figure 2b ) but more experiments are necessary to converge on a specific threshold.
Diffusional models of sediment transport indicate that the propagation of sediment flux signals attenuates with downstream distance (Paola et al., 1992) . However, a critical aspect of our findings is that not all surface signals are stored within the stratigraphic record. While more proximal locations might have stronger signals propagating over the geomorphic surface, we note that archiving of these signals also depends on the long-term accommodation generation.
Field-Scale Supply Signal Storage
Our theoretical framework could guide the interpretation of stratigraphy for sediment supply signals. Here we illustrate implications of our threshold for field-scale allogenic cycles triggered by tectonic, climatic, and anthropogenic influences. For simplicity purposes, we consider sediment supply signals of duration T c , which are generally on the order of 10 4 -10 5 years for sedimentary basins (Li et al., 2016; Straub & Wang, 2013 
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spatially varying accommodation production rates. We suggest utilizing an upper limit to T c in the environment of interest for prediction of storage thresholds, as it gives the most conservative prediction. Field estimates of T c may follow from an analysis of compensational stacking patterns or channel unit thickness distributions (Trampush et al., 2017) .
While our focus here is on signals close to T c , estimation of storage thresholds at other time scales can be estimated by taking advantage of the exponential relationship between Q A * and T * . The magnitude of Q A likely depends on allogenic conditions such as landscape cohesion (Caldwell & Edmonds, 2014; and flashiness of a system's hydrograph (Esposito et al., 2018; Fielding et al., 2018) , among other physical variables, and requires further exploration. At a time scale of T c , Q A for our control stage is approximately 1/3Q in .
Several recent studies highlight how the buffering of signals due to deterministic processes in erosional landscapes limits our ability to decode time series of sediment flux for the true timing and magnitude of tectonic signals Li et al., 2018; Mudd, 2017) . For example, results from a suite of numerical experiments loosely scaled to Basin and Range catchments suggest that periodic changes in tectonic uplift rate by a factor of 10 are significantly buffered if cycle period is much less than the landscape response time, t R >10 6 years (Li et al., 2018) . As a result, the predicted magnitude of SSCs leaving the erosional catchment, for tectonic uplift periods between 10 4 and 10 5 years, is below 5% of the mean outlet sediment flux. The ratio of Q A to Q in from our experiments would suggest that signals exiting Basin and Range catchments should be prone to shredding in adjacent sedimentary landscapes prior to stratigraphic storage. As t R in erosional landscapes scales with drainage area, signals from larger catchments will be more prone to stratigraphic shredding (Allen, 2008b ).
Next we consider climate signals with durations between 10 4 and 10 5 years, the obvious choice for discussion being climate response to orbital forcings. Blum and Hattier-Womack (2009) calculate that a change in temperature due to Milankovitch-scale orbital forcing may result in 20-50% change in sediment yield according to the empirical BQART model (Syvitski & Milliman, 2007) . The ratio of Q A to Q in at a time scale of T c from our experimental data set suggests that SSC characteristics might fall close to our proposed threshold. As such, signal transfer may (or may not) be possible. Here we stress that our regime diagram presents a theoretical threshold for signal storage. Practical limitations to field stratigraphic data sets challenge our ability to detect subtle signals.
Finally, our observation that a fast change in sediment supply is more effective at causing a landscape response implies that anthropogenic signals are a good candidate to trigger a response in the landscape. Current climate change is occurring at a fast rate (Zeebe et al., 2016) , and, if continued for a sufficient amount of time, its signal will be transferred to stratigraphy. Likewise, sediment trapping by dams causes fast and significant changes in sediment yield (Blum & Roberts, 2009) . Even though human influences emerged in the very recent past, the speed and magnitude by which the sediment supply changed is unlikely to be matched by autogenic processes, making stratigraphic storage of the Anthropocene ever more likely.
